Cells respond to various proteotoxic stimuli and maintain protein homeostasis through a conserved mechanism called the heat-shock response, which is characterized by the enhanced synthesis of heat-shock proteins. This response is mediated by heat-shock factors (HSFs). Four genes encoding HSF1-HSF4 exist in the genome of mammals. In this protein family, HSF1 is the orthologue of the single HSF in lower eukaryotic organisms and is the major regulator of the heat-shock response, while HSF2, which shows low sequence homology to HSF1, serves as a developmental regulator. Increasing evidence has revealed biochemical properties and functional roles that are unique to HSF2, such as its DNA-binding preference and sumoylation patterns, which are distinct from those of HSF1. The structural basis for such differences, however, is poorly understood owing to the lack of available mammalian HSF structures. The N-terminal DNA-binding domain (DBD) is the most conserved functional module and is the only crystallizable domain in HSFs. To date, only HSF1 homologue structures from yeast and fruit fly have been determined. Along with extensive studies of the HSF family, more structural information, particularly from members with a remoter phylogenic relationship to the reported structures, e.g. HSF2, is needed in order to better understand the detailed mechanisms of HSF biology. In this work, the recombinant DBD (residues 7-112) from human HSF2 was produced in Escherichia coli and crystallized. An X-ray diffraction data set was collected to 1.32 Å resolution from a crystal belonging to space group P2 1 2 1 2 1 with unit cell-parameters a = 65.66, b = 67.26, c = 93.25 Å . The data-evaluation statistics revealed good quality of the collected data, thus establishing a solid basis for the determination of the first structure at atomic resolution in this protein family. research communications Acta Cryst. (2016). F72, 294-299 Feng et al. DNA-binding domain of human HSF2 295
Introduction
The heat-shock response (HSR) is a cellular mechanism that is highly conserved throughout prokaryotes and eukaryotes to protect cells from various proteotoxic stimuli such as heavy metals, elevated temperatures, inflammation, hyperoxia and so on (Neef et al., 2011; Shamovsky & Nudler, 2008) . HSR triggered upon stress is characterized by an upshifted expression level of heat-shock proteins (HSPs), which function as molecular chaperones to maintain protein homeostasis in the cell (Å kerfelt et al., 2010) . HSP synthesis is mediated at the transcriptional level by heat-shock factors (HSFs), which specifically recognize and bind to a conserved nucleotide sequence present in multiple copies within the promoter region of HSP-encoding genes. These cis-acting sequences, called heat-shock elements (HSEs), are composed of inverted ISSN 2053-230X # 2016 International Union of Crystallography repeats of the pentameric sequence nGAAn (Amin et al., 1988 ). An intact HSE consists of multiple contiguous inverted repeats with two alternative directions, which are referred to as the head-to-head orientation (nGAAnnTTCn) or the tailto-tail orientation (nTTCnnGAAn) (Littlefield & Nelson, 1999) . In eukaryotes, HSF forms a trimer upon activation and optimally binds three nGAAn repeats, each of which is bound by one subunit (Bjö rk & Sistonen, 2010) .
A single HSF-encoding gene exists in the genome of lower eukaryotic organisms such as yeast and fruit fly, while in mammals a family of HSFs consisting of four members with diverse cellular roles, HSF1-HSF4, are expressed (Bjö rk & Sistonen, 2010; Pirkkala et al., 2001) . Similar to many eukaryotic transcription factors, all mammalian HSFs contain several functional modules in their amino-acid sequences. From the N-terminus to the C-terminus, these are the DNAbinding domain (DBD), trimerization domain, regulatory domain and transactivation domain (Bjö rk & Sistonen, 2010; Pirkkala et al., 2001; Westerheide et al., 2012) . The DBD is the most conserved and is the only domain to have been structurally characterized. Both crystal and solution structures of HSF-DBD from Kluyveromyces lactis and Drosophila melanogaster were determined in the 1990s, revealing a winged helix-turn-helix fold of this domain (Harrison et al., 1994; Vuister et al., 1994) . Since then, however, no structure from any other organism has been reported.
In the mammalian HSF family, HSF1 is the orthologue of the single, essential HSF in Saccharomyces cerevisiae and D. melanogaster and is the major regulator responsible for the stress-induced expression of HSPs (Bjö rk & Sistonen, 2010; Westerheide et al., 2012) . HSF2, which shows lower sequence similarity, was originally discovered in tandem with HSF1 and is capable of inducing the transcription of HSPs. Further experimental data, however, supported the function of HSF2 as a developmental regulator rather than a major mediator of the heat-shock response like HSF1 (Bjö rk & Sistonen, 2010; Westerheide et al., 2012) . In consistence with the functional divergence, HSF2 shows a different DNA-binding pattern from HSF1, although both factors recognize the nGAAn repeat through their DBDs. HSF1 usually binds nucleotide sequences composed of long arrays of HSE units, e.g. the hsp70 promoter, but HSF2 preferentially binds those comprising shorter HSE arrays, e.g. the CUP1 promoter (Kroeger & Morimoto, 1994) . This variance indicates that some structural differences must exist between them in the DBD, and indeed a loop following the helix-turn-helix motif was suggested to be responsible for their different DNAbinding preferences (Ahn et al., 2001) . From the biochemical viewpoint, HSF2 also displays properties that are distinct from those of HSF1. HSF2 exists in the cytosol as a dimer, unlike the monomeric form of HSF1 (Bjö rk & Sistonen, 2010; Pirkkala et al., 2001) . More interestingly, sumoylation, which is an important post-translational modification to mediate the transactivity of HSFs, occurs on Lys82 only in HSF2-DBD, although HSF1 contains a lysine residue at the same position (Goodson et al., 2001) . A modelling study suggested that two amino acids neighbouring Lys82, which forms a sharp turn in the wing of HSF2-DBD, might serve as the structural determinant of sumoylation (Anckar et al., 2006) , but further experimental evidence including structural information on HSF2-DBD is needed to confirm this premise.
It should be noted that recent progress in research on HSF2 has started to change the conventional understanding of this regulator. Several lines of evidence have demonstrated that HSF2 can actively participate in transcriptional regulation of constitutively and stress-induced expression of HSPs through interplay with HSF1 (Å kerfelt et al., 2010; Bjö rk & Sistonen, 2010) . These two factors can directly bind each other and form a transcriptionally competent heterotrimer upon stress stimuli or during development (Ostling et al., 2007; Sandqvist et al., 2009) . Such cooperation may provide an efficient mechanism to fine-tune the transcription of their common target genes, but both structural and mechanistic insights into HSF1-HSF2 heterotrimerization are very limited (Bjö rk & Sistonen, 2010; Å kerfelt et al., 2010) .
During the past decade functional studies of HSFs have been extensively carried out, but structural studies, which would provide more of the information that is required for better understanding of this protein family, have failed to keep pace. In this context, we report here the purification, crystallization and preliminary X-ray diffraction analyses of the DNA-binding domain (residues 7-112) of human HSF2, which is the first mammalian HSF-DBD to be crystallized.
Materials and methods

Macromolecule production
The gene encoding full-length human HSF2 was a generous gift from Professor Lea Sistonen at Å bo Akademi University in Finland. The nucleotide sequence corresponding to the DBD (residues 7-112) was subcloned into a pMAL-c4E plasmid (New England Biolabs) for the production of recombinant protein fused to maltose-binding protein (MBP) at the N-terminus. A Tobacco etch virus (TEV) protease cleavage site followed by a His 6 tag was introduced between the MBP tag and HSF2-DBD by PCR amplification. The correctness of the inserted sequence was confirmed by DNA sequencing. The Escherichia coli host strain used in this experiment was prepared by transforming the plasmid pRK603, which contains a TEV protease-encoding gene, into the Rosetta2 strain (Novagen, Darmstadt, Germany) before making the cells competent. The recombinant plasmid pMAL-HSF2-DBD was subsequently transformed into this strain. The bacteria were grown in LB medium containing 100 mg ml À1 ampicillin, 50 mg ml À1 kanamycin and 34 mg ml À1 chloramphenicol until the OD 600 approached 0.5. Expression of the fusion protein was induced with 0.3 mM isopropyl -d-1thiogalactopyranoside (IPTG) for 4 h at 303 K. Immediately after this, intracellular production of the TEV protease was induced with anhydrotetracyclin hydrochloride (aTet) at a final concentration of 100 ng ml À1 for a further 2 h at 303 K, during which the MBP tag was cleaved in vivo from the fusion protein. The bacteria were harvested by centrifugation at 5000g for 30 min at 277 K and resuspended in lysis buffer consisting of 50 mM NaH 2 PO 4 /Na 2 HPO 4 pH 8.0, 500 mM NaCl, 25 mM imidazole before cell lysis using a high-pressure crusher at 277 K.
After centrifugation at 20 000g for 30 min at 277 K, the supernatant of the cell lysate was loaded onto an Ni 2+ -NTA chromatography column (Novagen, Darmstadt, Germany), followed by washing the column with washing buffer (50 mM NaH 2 PO 4 /Na 2 HPO 4 pH 8.0, 500 mM NaCl, 40 mM imidazole, 5% glycerol). The recombinant HSF2-DBD protein with an N-terminal His 6 tag eluted when the imidazole concentration was increased to 200 mM. The protein was further purified by cation-exchange chromatography using a HiTrap SP HP 5 ml column (GE Healthcare, Uppsala, Sweden), eluting with a linear gradient of sodium chloride from 100 to 1000 mM, and size-exclusion chromatography using a HiLoad 16/60 Superdex 75 column (GE Healthcare, Uppsala, Sweden) equilibrated with buffer consisting of 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DTT, 0.2 mM EDTA. The purified protein was concentrated to 40 mg ml À1 (measured from the OD 280 ) and stored at 193 K. Macromolecule-production information is summarized in Table 1 .
Crystallization
The protein concentration was adjusted to 15 mg ml À1 before crystallization. All crystallization trials were carried out using the hanging-drop vapour-diffusion method at 293 K. Initial crystallization conditions were screened using ten commercial kits from Hampton Research (California, USA) with drops set up using a Mosquito crystallization robot (TTP Labtech). The best condition found from the screening was 0.1 M Tris-HCl pH 8.5, 1.2 M potassium sodium tartrate, under which small single crystals were grown. Optimization around this condition was subsequently performed by hand, with each drop formed by mixing 1 ml protein solution and 1 ml reservoir solution and equilibrated against 500 ml reservoir solution. The optimum condition for the growth of single crystals of HSF2-DBD was 0.1 M Tris-HCl pH 8.4, 1.25 M potassium sodium tartrate. Crystallization information is summarized in Table 2 .
Data collection and processing
The crystals used for data collection were directly mounted in nylon cryoloops (Hampton Research, California, USA) and flash-cooled in a stream of liquid nitrogen at 100 K. Diffrac- Table 1 Macromolecule-production information. tion data were collected at a wavelength of 0.97845 Å on beamline BL19U1 at Shanghai Synchrotron Radiation Facility (SSRF), People's Republic of China using a Pilatus3 6M detector. A total of 360 images were collected with 1 oscillation and 0.1 s exposure time per image. The data collected were indexed, integrated and scaled using iMosflm (Battye et al., 2011) and SCALA from the CCP4 program suite (Winn et al., 2011) . Statistics of data collection are summarized in Table 3 .
Results and discussion
At the beginning of this work, we were not sure of the exact boundary of the DBD in human HSF2, and initially made a construct from residues 1 to 112 according to a secondarystructure prediction. After purification from an Ni 2+ -NTA column, a major band at 14 kDa was observed on an SDS gel ( Fig. 1a) which agreed with the estimated molecular mass of HSF2-DBD after in vivo removal of the MBP tag. After second and third chromatographic steps using an SP column and a Superdex 75 column, the final purity of the recombinant protein was higher than 90% as detected by SDS-PAGE (Fig. 1a ). Needle-shaped crystals were observed under a single condition from approximately 500 initial conditions using commercial screening kits. Optimization of the precipitant concentration, pH and additive composition led us to obtain rod clusters at 0.2 M potassium sodium tartrate, 0.1 M sodium citrate pH 5.5, 2.0 M ammonium sulfate (Fig. 2a ). Even though thorough optimization of the crystallization conditions was performed, no further improvement could be obtained. We then attempted seeding in order to grow single crystals. By using the dynamic seeding technique implemented in our laboratory (Zhu et al., 2005) , rod-shaped single crystals with approximate dimensions of 0.4 Â 0.05 Â 0.05 mm were grown using 0.2 M potassium sodium tartrate, 0.1 M sodium citrate pH 5.4, 2.2 M ammonium sulfate (Fig. 2b) .
Although sufficiently large for X-ray diffraction at a synchrotron source, these crystals diffracted to merely 4-5 Å resolution (Fig. 3a) . It is known that post-crystallization treatments, such as annealing, dehydration and cross-linking, can improve the diffraction quality of protein crystals (Heras & Martin, 2005) , and indeed a number of cases of dramatic diffraction improvement have been reported (Haebel et al., 2001; Hunsicker-Wang et al., 2005; Kriminski et al., 2002) . Inspired by this, we attempted all of these techniques using mild operations as described in the literature. Unfortunately, no improvement in the diffraction of our crystals was achieved; in contrast, the crystals became more vulnerable to X-rays after annealing or cross-linking.
Even so, the irregular dispersion spots observed on the diffraction images ( Fig. 3a) suggested that some kind of disorder might exist in the crystal. On realising this, we considered making changes to the expression construct. From another secondary-structure prediction using Jpred4 (Drozdetskiy et al., 2015) , which combines PSI-BLAST and several predictive algorithms, we found that the N-terminal six amino acids in the sequence of human HSF2 might form an unstructured extension from the DBD and are likely to contribute to the poor diffraction quality of our crystals. A shorter construct from residues 7 to 112 was then produced. Using the same expression and purification protocol, recombinant HSF2-DBD from this construct could be produced with comparable purity and yield to the previous construct ( Fig. 1b ). Using this truncated protein, we performed another round of crystallization screening and obtained microcrystals or small single crystals under a number of conditions. The best crystals were grown using 0.1 M Tris-HCl pH 8.5, 1.2 M potassium sodium tartrate. Subsequent optimization around this condition was undertaken. Using the optimum condition consisting of 0.1 M Tris-HCl pH 8.4, 1.25 M potassium sodium tartrate, rectangular crystals with approximate dimensions of 0.2 Â 0.1 Â 0.1 mm were obtained (Fig. 2c ) which showed super diffraction quality even without the requirement for cryoprotection (Fig. 3b) . A complete diffraction data set with 360 rotation was collected to 1.32 Å resolution on beamline BL19U1 at SSRF. The crystal belonged to the orthorhombic space group P2 1 2 1 2 1 , with unit-cell parameters a = 65.66, b = 64.42, c = 93.25 Å , = = = 90 . Four monomers of HSF2-DBD are likely to reside in the asymmetric unit, as estimated from the value of the Matthews coefficient (Matthews, 1968) with the highest probability (1.84 Å 3 Da À1 ; solvent content of 33.10%). Structure determination will be performed by molecular replacement using the yeast HSF-DBD (PDB entry 3hts; Littlefield & Nelson, 1999) as the search model.
To date, only HSF-DBDs from K. lactis and D. melanogaster have been structurally characterized. Mammalian HSF1 is orthologous to those HSFs, but HSF2 showed a lower sequence similarity to them. In this context, crystallization of the DNA-binding domain from human HSF2 established a good starting point for structure determination, which is likely to provide novel structural insights into the HSF family. In another aspect, our experience in this work highlights the importance of the expression constructs, which may greatly influence the diffraction quality of crystals even though single crystals could be grown from different constructs.
